It is demonstrated that optical feedback in singlemode VCSELs only induces a reasonable power penalty when the modulation speed is below the resonance frequency, thus enabling low-cost implementation for VCSELs without optical isolators.
Introduction: It is projected that microprocessors will reach a transistor count of 1 billion with a 10 GHz clock rate by year 2010 [1] . Since electrical interconnects impose several limitations for signal communication and clock distribution at bit rates >10 Gbit=s, optical interconnects are potentially a more desirable solution because they offer high speed, low loss, and reduced latency. For optical interconnects to be readily adaptable, it is important to minimise size, electrical and optical power budgets, and increase alignment tolerances.
Optical feedback in lasers has been shown to lead to increased noise, mode hopping, linewidth narrowing and broadening, and coherence collapse [2] . By designing the laser cavity with a high reflectivity output mirror, the optical feedback sensitivity can be reduced [2, 3] . These studies, though important for enhancing understanding, do not directly translate into RF link performance.
For telecom applications, it is well known that optical isolators are necessary for preventing the optical feedback into the laser, where even a 2 dB power penalty is unacceptable. Given the size requirement for optical interconnects, current generation optical isolators are unsuitable for on-chip integration. A recent study has shown that for feedback levels lower than À22 dB, singlemode VCSELs operating at 1.1 mm can be used for error-free data transmission at 10 Gbit=s, over a 5 km fibrebased link without isolators [4] . In this Letter, we study the feedback sensitivity of the laser for varying levels of feedback and different modulation speeds. Our work demonstrates that for short-distance (10 cm) free-space optical interconnects, where chirp and power penalty are not as important, 1.55 mm VCSELs without isolators can be used for modulation speeds up to 2.5 Gbit=s at feedback levels as high as À10 dB. However, to realise error-free data transmission at speeds (8 Gbit=s) close to the resonance frequency of the laser, an optical isolator might be necessary for feedback levels greater than $À30 dB.
Experimental setup: In this experiment, we used two types of singlemode VCSELs: 1 Gbit=s, ion-implanted 850 nm VCSELs [5] , and 10 Gbit=s, buried tunnel junction (BTJ) 1.55 mm VCSELs [6] . Both have an output power of $ 1 mW. The experimental setup is shown in Fig. 1 . The mirror distance is 10 cm for the 850 nm VCSEL, and 25 cm for the 1.55 mm VCSEL. The light-current, optical spectra and bit error rate (BER) were measured for varying degrees of optical feedback, as well as when the polarisation of the optical feedback is rotated by 90 . Further, the effect of the DC bias point on BER is investigated. Experimental results: Fig. 2 shows a typical BER measurement for a 1.55 mm VCSEL at 2.5 Gbit=s. As seen in Fig. 2 , a 2.3 dB power penalty is observed for an optical feedback of $À10 dB. At the maximum coherent feedback of À10 dB, laser threshold is reduced by 10-25% for the four lasers tested. No error-rate floor was observed at optimal biasing conditions for all lasers. As the VCSELs have a linear polarisation, it is interesting to determine if the sensitivity to feedback Table 1 ). However, the BER power penalty varied by only < 0.2 dB at 2.5 Gbit=s. The power penalty of the four devices tested for varying feedback levels is shown in Fig. 3 . As expected, the power penalty increases for increasing feedback. Yet the power penalty induced by optical feedback was not very significant and is less than 3.2 dB for all cases. Fig. 4 shows the variation of BER at a higher modulation speed of 8 Gbit=s, which is close to the resonance frequency (10 GHz) of the laser. From  Fig. 4 , it can be seen that error-free transmission with power penalty is observed for feedback levels lower than À30 dB. For a feedback level of À30 dB, a power penalty of 2 dB is observed. However, using a quarter wave plate to rotate the polarisation of the feedback helps in realising error-free transmission with negligible power penalty, even for a feedback level of À20 dB. Experiments at higher modulation speeds were limited by the speed of the laser. The power penalty at both 2.5 and 8 Gbit=s can be overcome by ensuring a high received optical power. A typical inter-chip optical power budget at different bit rates is shown in Table 2 . Taking into account the optical feedback induced power penalty, we find that the maximum allowable link optical loss is between 24 and 31 dB at 2.5 Gbit=s and between 18 and 25 dB at 8 Gbit=s (for PIN and APD receivers, respectively). Thus, this link can easily be made to operate error free below 8 Gbit=s. We also studied the feedback sensitivity of the laser at different DC biasing conditions. LI characteristics show that the laser threshold is around 1 mA while the roll-off occurs at 10 mA. Error-free transmission is observed for 4 and 5 mA while an error floor is observed for 3, 7 and 8 mA. Fig. 5 shows the variation of BER with feedback for two different DC biasing conditions. It is evident from Fig. 5 that choosing an optimum bias point is instrumental in realising error-free data transmission.
Conclusion:
We have presented an optical feedback study demonstrating that VCSELs can be used error-free even under maximal feedback conditions when the modulation speed is below the resonance frequency of the laser. This enables the integration of singlemode VCSELs on-chip without the use of optical isolators.
